Al clusters supported on TiO 2 (110) have been investigated using scanning tunneling microscopy. Al interacts strongly with the TiO 2 (110) surface at room temperature and becomes oxidized by abstracting oxygen from the interface region of the substrate. Highly oxidized Al clusters were found to disorder the TiO 2 substrate in the low coverage regime ͑0.05 ML͒ illustrating that Al exhibits a strong chemical interaction with the oxide substrate. Distinct changes in the TiO 2 (110) substrate from a ''row'' structure to a ''net'' structure due to Al interacting with oxygen in the topmost layer of the substrate are also observed.
I. INTRODUCTION
Metal/oxide systems are of importance in many technologies including electronic devices, metal-ceramic bonding, catalysis and sensor application, 1-3 therefore extensive work has addressed the nucleation and growth of metal clusters on oxide surfaces. [4] [5] [6] TiO 2 has often been the subject of metal/ oxide studies, mainly because of its relatively simple electronic structure and its reducibility. Of particular interest with respect to the present work is the application of scanning tunneling microscopy ͑STM͒ to study the morphology of supported metal clusters as well as TiO 2 itself on the atomic scale.
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The interaction between Al and the TiO 2 (110) surface has been studied using x-ray and ultraviolet photoelectron spectroscopy ͑XPS͒ and ͑UPS͒. [18] [19] [20] XPS and Auger electron spectroscopy ͑AES͒ studies show that for coverages up to 1 ML, Al is completely oxidized. Concomitantly, the Ti 4ϩ cations in the near surface regions are reduced. LEED and reflection high energy electron diffraction ͑RHEED͒ studies show no evidence of an ordered overlayer structure, even after an anneal, indicating that Al disorders the substrate.
In the present study, Al clusters have been synthesized and characterized on a TiO 2 (110) substrate using STM.
II. EXPERIMENT
These experiments were carried out in an ultrahigh vacuum ͑UHV͒ chamber equipped with a quadrupole mass spectrometer ͑QMS͒, a UHV-STM ͑Omicron͒, facilities for LEED and AES, with a base operating pressure of Ͻ5 ϫ10 Ϫ11 Torr. The TiO 2 (110) crystal sample ͑Commercial Crystal Laboratories, Inc.͒, used to support the Al clusters, was mounted on the Ta sample holder of the STM using a Ta strip. A pyrometer ͑OMEGA OS3700͒ was used to measure the surface temperature following a calibration with a W5%Re/W-26%Re thermocouple, which was glued onto the edge of the TiO 2 crystal using a high temperature ceramic adhesive ͑AREMCO 571͒.
The TiO 2 (110) surface was cleaned by cycles of Ar sputtering ͑1 keV, 30 A͒ and subsequent annealing to 1000 K. The stoichiometric surface was characterized by a sharp 1ϫ1 LEED pattern, with no discernible contamination observed via AES. Before each metal exposure, the clean TiO 2 (110) was checked by STM and shown to be atomically flat and smooth to Ͼ200 Å.
The Al clusters were prepared by evaporating Al onto the TiO 2 (110) surface at 300 K. Al dosing was carried out by resistively heating a ceramic tube ͑1 mmϫ7 mm͒ packed with a 99.999% purity Al wire and wrapped tightly with a spiral tungsten filament. The pressure during evaporation never exceeded 2ϫ10 Ϫ10 Torr. The Al flux was calibrated via AES of the Al-covered Re͑0001͒ surface and subsequently verified by STM.
The STM tip was made of tungsten wire ͑0.020 in. in diameter, H&R Cross͒ and prepared by electrolytic etching/polishing. 21 To remove the oxide layer formed on the tip surface during the electrolytic polishing, the tip was etched in HF solution for approximately 30 s before a rapid transfer into the UHV chamber where it was heated briefly up to ϳ1000 K prior to use.
III. RESULTS AND DISCUSSIONS

A. Clean TiO 2 "110… morphology
The morphology of TiO 2 ͑110͒ depends mainly on the sample preparation conditions, especially the sputtering cycle and the anneal temperature. Usually, the surface becomes smoother and the terraces wider with each sputter/ anneal cycle. An annealing temperature between 900 and 1000 K yields the most stable ͑1ϫ1͒ phase with relatively flat terraces. Author to whom correspondence should be addressed; electronic mail: goodman@chemvx.tamu.edu image shows a close view of a high-resolution ͑1ϫ1͒ TiO 2 ͑110͒ surface after annealing to 1000 K. The individual atoms are clearly resolved in this image. After a scanner calibration using a graphite sample, the distance between adjacent atoms along the ͓001͔ and ͓110͔ direction were measured to be 3.0 and 6.2 Å, respectively, consistent with the unit cell of the ͑1ϫ1͒ TiO 2 ͑110͒ surface. It is noteworthy that even at the monatomic step edges, the top atoms still reside precisely in the regular atom positions, preferentially aligned along the ͓001͔ direction. 
B. Al supported on TiO 2 "110…
That submonolayer quantities of aluminum deposited onto a stoichiometric TiO 2 ͑110͒ surface at room temperature become oxidized has been confirmed by several electron spectroscopic studies. [18] [19] [20] Inspecting primarily surface morphology and cluster size distribution, STM has demonstrated its importance regarding the study of the interaction of Al with oxide substrates.
A typical morphology of the TiO 2 ͑110͒ substrate after exposure to 0.05 ML Al at room temperature can be seen in Fig. 2 ͑300ϫ300 Å, 2 .0 V, 1.0 nA͒. Al has a rather high affinity toward oxygen and tends to ''wet'' the oxide substrate, and hence nucleates and grows relatively small clusters varying in size from several atoms to hundreds of total atoms. Clusters are distributed evenly on the surface, with no obvious preferential nucleation sites along the step edges or on the flat terraces.
A closeup view of an Al cluster is shown in Fig. 3 , a 3D ͑100ϫ100 Å, 2.0 V, 1.0 nA͒ STM image. Hemispherical Al clusters or islands, which develop periphery gaps separated from the ͓001͔ rows are apparent on the flat terraces. Al strongly binds oxygen from the nearby substrate to form oxidized clusters, which leads to the reconstruction of the Ti and O atoms around the periphery. The bigger the Al cluster, the more strongly it reacts with the oxide substrate, hence the deeper and wider the periphery gap appears. In Fig. 3 , the largest cluster is approximately 15 Å in diameter and 2.5 Å in height, with a surrounding gap of 6 Å in width and 1.0 Å in depth. Compared to Pd 8 , Al yields smaller and flatter clusters which exhibit a significantly larger wetting area on the oxide substrate at a similar metal loading.
Bonnell and co-workers 9 have made similar observations for Cu clusters on TiO 2 . Depression zones adjacent to the clusters vary in depth as the bias conditions are changed. These authors have interpreted the depressions as an electronic effect arising from Schottky barrier formation. However, in our experiments with Pd 8 and Au clusters of different sizes and bias conditions on TiO 2 , no similar Schottkybarrier patterns were observed. Since Al grows in much smaller clusters and the periphery gaps vary greatly with the size of the Al clusters, we conclude that the gaps are most likely formed by chemical interaction between the Al and the substrate leading to a geometric rearrangement of the neighboring atoms.
The strong interaction between Al and the substrate also manifests itself in the general morphology of the TiO 2 ͑110͒ surface. Figure 4 shows two high-resolution STM images of the TiO 2 ͑110͒ substrate before and after the Al deposition, respectively. The top image was acquired from a clean TiO 2 ͑110͒ surface after annealing to 1000 K and the wellknown ͑1ϫ1͒ pattern is clearly visible. Because the image was acquired at a positive sample bias and the density of the The spacings between the adjacent atoms along the ͓001͔ rows and ͓110͔ direction are exactly the same as the lattice parameters of the TiO 2 ͑110͒ unit cell. Some irregular atoms are clearly observed among the rows, which are attributed to oxygen vacancies described in a previous report. 8 This image shows a very large corrugation of ϳ2 Å along the ͓110͔ direction and ϳ1 Å along the ͓001͔ rows. This corrugation is most likely due to the close contact scanning mode of the STM tip since the image was acquired at a rather small sample bias of 0.16 V and a large feedback current of 2.5 nA.
Small amounts of Al could change the TiO 2 surface morphology significantly. Figure 4͑b͒ was obtained after the clean surface exposure to 0.05 ML Al. Direct microscopic images show that TiO 2 ͑110͒ changes from the standard ͑1 ϫ1͒ ''row'' pattern to a rough ''net'' structure, which is characterized by the bright spots and discontinuities, together with the crosslinks between ͓001͔ rows. Obviously, the interaction between Al and the oxide involves the oxidation of Al clusters and the reduction of the topmost substrate, leading to the reconstruction of the top-layer structure. The small bright spots, usually only one atom high, disperse evenly on the ͓001͔ row and originate from Al deposition. Transfer of oxygen from the top lattice to Al clusters and the rearrangement of Ti cations result in the apparent discontinuities and crosslinks among the ͑1ϫ1͒ patterns. The net pattern resembles the images of a thermally reduced TiO 2 surface following a high temperature anneal:
10-12 a ͑1ϫ2͒ structure with periodic crosslinking rows is formed above 1000 K. This similarity suggests that the ordered-reduced TiO 2 surface can be achieved in two ways: a doped reduction at room temperature and a thermal reduction at high temperatures. However, thermal reduction leads to the formation of a ͑1 ϫ2͒ structure with crosslink formation in large areas and at large depths, indicating a very stable high-temperature phase. In doped reduction, the net structure only occurs within the topmost layer with the continued presence of the ͑1ϫ1͒ structure, suggesting a metastable phase.
LEED results show that the sharp ͑1ϫ1͒ pattern from the stoichiometric TiO 2 ͑110͒ surface was completely obscured at an Al coverage as low as 0.1 ML. Consistent with this, the deposition of 0.2 ML Al at room temperature totally changed the substrate features ͑Fig. 5͒. Two points are noteworthy: ͑i͒ the parallel ͓001͔ rows of the substrate disappear completely and the terraces become rougher; and ͑ii͒ Al grows smaller clusters and more nucleating sites compared with Pd 8 . The individual aggregates, usually 10-15 Å in diameter and 2 Å in height, distribute evenly on the terrace. Al clusters, inhomogeneous in nature, disorder the substrate significantly. These results are consistent with previous XPS and AES studies which show that for coverages up to 1 ML, Al is completely oxidized. 18, 19 
IV. CONCLUSION
Al interacts strongly with the TiO 2 ͑110͒ surface at room temperature and becomes oxidized by abstracting oxygen from the interface region of the TiO 2 substrate. This corrosive effect is evident in the STM images that show severe etching of the TiO 2 substrate by the Al clusters. Also the TiO 2 substrate is modified significantly from a row structure into a net structure due to disordering by Al deposition.
